The severely ill infant or child who requires admission to a pediatric intensive care unit (PICU) often presents with a complex set of problems necessitating multiple and frequent management decisions. Diagnostic imaging plays an important role, not only in the initial assessment of the patient's condition and establishing a diagnosis, but also in monitoring the patient's progress and the effects of interventional therapeutic measures. Bedside studies obtained using portable equipment are often limited but can provide much useful information when a careful and detailed approach is utilized in producing the radiograph and interpreting the examination. This article reviews some of the basic principles of radiographic interpretation and details some of the diagnostic points which, when promptly recognized, can lead to a better understanding of the patient's condition and thus to improved patient care and management. While chest radiography is stressed, studies of other regions including the upper airway, abdomen, skull, and extremities are discussed. A brief consideration of the expanding role of new modality imaging (i.e., ultrasound, CT) is also included. Multiple illustrative examples of common and uncommon problems are shown.
Radiologic evaluation forms an important part of the diagnostic assessment of patients in the pediatric intensive care unit (PICU). Because of the precarious condition of these patients, as well as the multiple tubes, lines, catheters, and monitoring devices to which they are attached, it is usually impossible or highly undesirable to transport these patients to other areas of the hospital for general radiographic studies. For this reason, portable X-ray equipment has been designed and is in widespread use. In a few centers, it has been possible to equip the intensive care unit with more powerful and sophisticated X-ray generators as well as permanently mounted, overhead X-ray tubes; nevertheless, these systems, because of their complexity, expense, and basic construction limitations, are not generally available. The portable X-ray unit, therefore, remains the basic tool in most intensive care units [1] . However, when clinically indicated, the patient should be transported to other areas for specialized examinations such as CT, radionuclide scanning, or fluoroscopic procedures which cannot be performed at the bedside within the intensive care unit.
TECHNICAL CONSIDERATIONS Before one approaches the specific diagnostic points to be assessed on the film studies, it is worthwhile to consider certain technical problems which must be recognized when interpreting these studies.
Consistency in technique is highly desirable and may be influenced by variation in 49 available electric current from wall outlets, changes in patient positioning, and certainly by the use of different machines. The type of equipment commercially available varies widely. Different systems of electronically generating high-voltage currents, exposure timing, tube design, and mechanical flexibility make certain types of portable machines suitable for certain purposes but not for others. Accurate calibration of portable equipment may be difficult to achieve and maintain as the equipment is moved from place to place. For these reasons, it is recommended that the same machine be used whenever possible. Differences in the skill and judgment of technology personnel are not inconsequential. While it is usually impractical to have an X-ray technologist in the intensive care unit at all times, it may be more effective to designate a small group of experienced technologists as being specifically responsible for duty in the pediatric intensive care unit, considering them as a part of the team of intensive care specialists.
The most common technical errors which can make interpretation difficult, if not impossible are (1) poor patient positioning, (2) patient motion, (3) incorrect exposure settings leading to overexposure or underexposure, and (4) developer malfunction. Meticulous attention to patient positioning and X-ray tube positioning cannot be overstressed. Removal of underlying props or supports used to turn patients and removal of any unnecessary artifacts such as wires, electrodes, or ventilator tubing is advised. Small sandbags and adhesive tape can be used to immobilize infants or children who are unable to cooperate. Exposure of personnel to the direct X-ray beam is to be avoided, but the routine use of lead aprons and gloves will minimize exposure while providing adequate immobilization.
High-speed, fine-detail film and cassettes will help minimize exposure times and reduce motion artifact. Underexposure, i.e., the production of a film that is "too light," may be caused by (1) incorrect exposure factors, (2) malfunction of the equipment (partial exposure), (3) developer malfunction, or (4) a long film focal-spot distance. Overexposure, i.e., the production of a film which is "too dark," may be caused by (1) the use of inappropriate settings on the machine, (2) a short film focalspot distance (that is, the tube is too close to the patient), (3) double exposure caused by operator error or faulty equipment, and (4) overdevelopment of otherwise satisfactory films. There are many causes for malfunction of automatic developers. Abnormally high or low solution temperatures will often be at fault and these temperatures must be monitored frequently. Chemical solutions should be fresh and must be checked regularly, particularly if the developer is seldom used. A routine quality control program is highly recommended.
The way in which the X-ray films are handled, displayed, and stored will affect their usefulness in patient management. It is important that the X-ray films obtained on pediatric intensive care unit (ICU) patients be inspected promptly for quality control as well as for specific diagnostic information. Comparison with previous studies is often the only way in which important information can be recognized. Holding a film up to the ceiling light at the bedside is not compatible with a careful and thorough examination of the film. All films on ICU patients should be displayed sequentially on viewboxes with optimum lighting, so that subtleties will not be overlooked or ignored. Routine [2] . Turning the patient's head from one side to the other may also cause changes in the orientation of the tube's beveled end which, at times, may cause significant obstruction of the lumen [3] .
LUNGS
Perhaps the most frequent reason for obtaining a chest X-ray in the intensive care unit is to assess the lung fields. Whenever possible, the film should be taken during the peak inspiration phase of the respiratory cycle, but this may be hard to achieve on uncooperative or unconscious patients or those on ventilatory support. Disconnecting the respirator in order to take the film should never be done, as this will 53 often result in poor aeration of the lungs [4] and unnecessary hypoxia, particularly in the heavily sedated or pharmacologically paralyzed patient.
The radiographic pattern of normal lung density seen on X-ray is a result of the combination of the degree of aeration and the status of the pulmonary vasculature. An expiratory film can mimic the appearance of interstitial pulmonary edema and/or heart failure ( Fig. 3) and may accentuate inflammatory infiltrates [5] . Infants, especially when they are at the end of a vigorous cry, may almost completely deflate their lungs, creating a falsely ominous radiographic appearance.
On a good inspiratory film, one should expect to see the cardiomediastinal and diaphragmatic borders sharply outlined (Fig. 3B) . The position and shape of both hemidiaphragms should be noted. Marked discrepancies between the two sides may be due to diaphragmatic paralysis (Fig. 4) or fluid collecting between the lung and the diaphragm [6] (Fig. 5) . The branching and tapering pattern of pulmonary vessels should be carefully inspected and the margins should be sharp and well dilineated. The medial aspect of the right lower lung field adjacent to the right heart border is often mistaken for an infiltrate because of the relative prominence of the normal vascular structures in this region. Conversely, areas of infiltrate or atelectasis in the left lower lobe behind the heart are easily overlooked. A helpful clue to the presence of a retrocardiac density is the loss of the normal paraspinal line on the left or the loss of the diaphragmatic silhouette behind the heart [5, 7] (Fig. 6) Parenchymal alveolar infiltrates are usually seen as areas of additional water density within the lung and can be the result of many different pathologic processes [9, 10] . Infection, edema, hemorrhage, or tumor may all have similar density characteristics but sometimes can be distinguished by shape, distribution within the lung, associated abnormalities, and pattern of clearing or progression. The patient's history, physical examination, and laboratory findings are obviously of great importance in interpretation of the films once the pertinent radiographic observations are made.
Pneumonia has a widely varying radiographic appearance, ranging from lobar or unilateral consolidation to diffuse or centralized peribronchial cuffing [11, 12] . Multiple patchy areas of infiltrate, particularly with upper lobe involvement on the right, may suggest aspiration as an underlying pathogenic mechanism (Fig. 7) . The specific etiology of a given pneumonic process cannot be determined from the radiographic appearance alone. Certain organisms sometimes cause characteristic patterns of anatomic distribution but overlap with other entities, and atypical cases make reliable determination of the etiology impossible by this method. One may suggest a specific etiology such as pneumocystis carinii (Fig. 2 ), or actinomycosis [7] but further confirmation is always necessary. Tuberculosis has a widely varying radiographic appearance particularly in children and can be a cause for overwhelming infection, particularly in nutritionally deprived or immunologically suppressed patients [13] .
Determination of the presence or extent of pleural fluid in association with a con-57 solidative infiltrate is useful when a diagnostic thorocentesis is considered. The presence of mediastinal shift due to an effusion is extremely important and may indicate an empyema under pressure, requiring thoracostomy tube drainage. It is important to position such patients properly without any rotation of the thorax in order to determine accurately whether there is a shift in the position of the mediastinum. In cases where the entire hemithorax is opaque, decubitus films will not yield worthwhile information regarding the extent of effusion, but ultrasonic studies may be helpful. Occasionally, patients with clinical pneumonia and concomitant dehydration will show little indication of their infection on their initial chest X-rays. While the heart size may be diminished, the lungs may appear quite clear only to blossom forth with an obvious infiltrate 12 to 24 hours later when the patient has been rehydrated.
In addition to the presence of abnormal parenchymal density, another sign of pulmonary inflammatory disease, especially in infants, is diffuse hyperinflation of the lungs due to small airway edema and generalized air trapping [12, 141. This pattern, while not specific for inflammatory disease alone, correlates well with the clinical diagnosis of bronchiolitis ( Fig. 8 ). Viral infection is most often responsible, but bacterial infection may also cause the phenomenon of diffuse air-trapping and peribronchial edema. Infants are susceptible because of the small size and increased resistance of their airways and the relatively marked degree of compromise to air flow which small amounts of edema can cause [14] . Hyperaeration of the lungs can be difficult to judge on the basis of a single frontal view alone. Determination of the level of the diaphragm in relation to anterior or posterior ribs does not always help. The shape of the two hemidiaphragms -straightened and downwardly angulated as opposed to normally domed -is a useful sign. In this respect, lateral views may provide additional confirmation. Infants and children with cystic fibrosis often present with severe and repeated episodes of pulmonary infection mimicking bronchiolitis (Fig. 9 ). Their lungs often remain chronically hyperinflated. Hyperinflation is not a phenomenon confined to inflammatory processes and can also be a sign of respiratory compromise in babies with congenital heart disease, particularly large left-to-right shunts [8, 14] (Fig. 10 ). The pathophysiology of this condition probably relates to interstitial perivascular and peribronchial edema causing similar compromise of the small airways, as in bronchiolitis.
Congestive heart failure is not an uncommon occurrence in the ICU and may be associated with congenital heart disease [15] In the erect position, pleural fluid will first collect posteriorly and inferiorly, causing blunting of the posterior and then lateral costophrenic sulci. However, in the supine position, fluid will layer out along the entire posterior aspect of the hemithoraxn This may be enough to cause a generalized increase in density on that side. When large enough, pleural effusions may be recognized on the supine film by increased homogeneous density surrounding the lung apex superiorly and laterally. Decubitus views may reveal a larger volume of fluid than can be appreciated on the supine frontal radiograph (Fig. 5) .
Non-cardiac causes of pulmonary edema may be suspected when the overall heart size is normal or disproportionate to the severity of the pulmonary abnormality. Increased intracranial pressure, near-drowning, hypoxia, upper airway obstruction, or intoxication may all manifest as non-cardiac causes of pulmonary edema. Primary damage to alveolar linings from various causes may result in respiratory distress due to an outpouring of fluid into the alveolar spaces appearing as diffuse pulmonary edema or consolidation. Rapid re-expansion of the lung following a pneumothorax may cause unilateral pulmonary edema. This phenomenon may be due to mechanical factors or increased capillary permeability; however, the exact mechanism is uncertain.
Areas of pulmonary atelectasis are important to recognize and may be caused by intrinsic endobronchial lesions (i.e., mucous plugs or foreign bodies) or may result from extrinsic compression of a bronchus or compression by other thoracic structures or masses (Fig. 13) . While endobronchial tumors such as carcinoma are a frequent cause of lobar atelectasis in the adult population, they rarely occur in children. Inspissated mucous plugs, foreign bodies, and peribronchial lymphadenopathy are far more common in children and may be seen in association with asthma, tuberculosis, and so on. Volume loss should be suspected when an area of homogenous water density in the lungs lacks an air bronchogram or is associated with shift of adjacent structures or pleural landmarks toward the area of abnormality [16] (Fig. 6) .
Compensatory hyperinflation of adjacent lobes or segments may occur, causing a rather bizarre radiographic pattern of alternating areas of underaeration and overaeration within the same lung. Lower lobe collapse usually is seen as a wedgelike triangular density located medially in the lower chest next to the spine (Fig. 6) density bounded by the minor fissure which is angled downward and the lower part of the major fissure which bows anteriorly. Upper lobe atelectasis may cause elevation of the minor fissure on the right as well as increased density blending in with the superior mediastinum, simulating a widened mediastinum (Fig. 10) . Complete upper lobe and middle lobe or lingular atelectasis may sometimes be difficult to recognize on the frontal view alone, particularly in older children. Elevation of the hilum and mediastinal shift may be seen, and a lateral view may demonstrate an apparent increased pleural density running anteriorly between the chest wall and the overaerated lower lobe. Rarely, anomalies such as a pulmonary sequestration may be mistaken for lower lobe atelectasis and may be a source of recurrent fever or infection. Pulmonary hemorrhage is manifest radiographically as fluffy homogeneous "alveolar" density in the lung. It may be a complication of intrinsic lung disease (pulmonary hemosiderosis, Goodpasture's syndrome, cystic fibrosis, and the like) or may be secondary to blunt chest trauma. Local trauma due to intubation or repeated suctioning may also cause bleeding. When extensive and diffuse throughout the lung, pulmonary hemorrhage may be impossible to differentiate radiographically from edema, aspiration, or overwhelming infection [10] . [17, 18] . Interstitial pulmonary emphysema often occurs first but can be subtle and difficult to recognize.
Subcutaneous emphysema can occur by inadvertent introduction of air into the soft tissues and is often seen at or near the operative site following thorocotomy. It may also occur following tracheostomy with leakage of air into the soft tissues of the neck. If the air is forced into the tissues under positive pressure from a respirator, etc., it may dissect extensively along the fascial planes of the neck, shoulders, chest, and abdomen, separating muscle planes. Air may also extend upward from the mediastinum into the soft tissues of the neck and chest in the absence of a tracheostomy (Figs. 14, 15 ). . Catheter has advanced into left pulmonary artery. IC 13 Pneumothorax and pneumomediastinum may occur spontaneously or be the sequelae of underlying pulmonary disease. Vigorous coughing or high ventilatory pressures [18, 19, 20] may cause air to escape from alveoli and to dissect through into the pleural space directly or extend via potential perivascular spaces into the mediastinum. Dissection of air along the pulmonary veins is thought to be the mechanism for the development of pneumopericardium.
The detection of pneumothorax in the uncomplicated patient is usually not difficult and even small amounts of free intrapleural air may be recognized by the use of upright expiratory films [21] . In the supine patient, a small pneumothorax may be more difficult to recognize because of the geometry of the pleural space and the effect of patient position on the location of the air. Moskowitz and Griscom have called attention to the medial accumulation of air in infants and children in the supine position [22] . The demonstration of increased radiolucency adjacent to the heart or mediastinal border on one side may be quite subtle but important to recognize (Fig. 16 ). Normal lung tends to retract inward toward the hilum in the face of pneumothorax but consolidated, diseased lung may not collapse in the expected fashion but instead remain stiff and non-compliant [23] (Figs. 2, 17) . Thus the degree of lung collapse may not always be indicative of the extent of pneumothorax [24] . When increased positive pressure, due to a pneumothorax, exists within the Air confined within the pericardial sac is usually quite different in appearance from air elsewhere in the mediastinum. Usually it completely outlines the heart and stops at the limits of the pericardial attachments around the roots of the great vessels superiorly (Fig. 14) . While Heart size may be difficult to assess on the basis of a supine portable radiograph. Criteria such as the cardiothoracic ratio do not apply under these circumstances; however, changes in the cardiac silhouette on comparable films with similar degrees of inspiration taken at the same distance may have important meaning. A sudden increase in the size of the heart in a post-operative cardiac patient may indicate myocardial decompensation but should be presumed to mean intrapericardial fluid or blood accumulation until proven otherwise. Echocardiography should be performed under these circumstances and can reveal even relatively small amounts of fluid [28] . Poor inspiration, however, is usually the most common cause for apparent cardiomegaly.
A relatively small heart can be seen in patients whose lungs are hyperinflated or when there is a significant decrease in the circulating blood volume such as occurs in severe dehydration or hypovolemic shock. Tension pneumothorax or pneumopericardium may also result in a small heart when there is compromise of systemic venous return. An acute diminution in cardiac output may then result and be fatal if the underlying cause is not corrected.
For further information regarding interpretation of the pediatric chest X-ray, the reader is referred to several excellent sources as listed [5, 7, 9, 10, 13, 14, 30, 31] .
UPPER AIRWAY Acute obstructions of the upper airway may present as life-threatening emergencies necessitating admission to the pediatric intensive care unit. Diagnostic radiographic evaluation can often be helpful in localizing the site of airway obstruction and refining the differential diagnosis. Usually these studies are done in the Emergency Department but, occasionally, the patient's condition does not permit conventional film studies and portable examinations are requested. Post-extubation X-ray studies of the upper airway are not routinely indicated and clinical evaluation will usually suffice. It should be kept in mind that satisfactory portable studies of the airway are not always easy to obtain but certain tips may be helpful: (1) (5) Films taken with nasogastric and endotracheal tubes in place may be helpful to determine tube position but are otherwise diagnostically worthless and only result in additional patient irradiation. Xeroradiographic, high kvp, and fluoroscopic techniques are helpful tools in the evaluation of the pediatric airway but are generally unavailable within the pediatric intensive care unit.
Common causes of upper airway obstruction in infants and children include croup (laryngotracheobronchitis), epiglottitis, and foreign bodies, as well as hypertrophy of tonsilar and adenoidal lymphoid tissue [30, 32, 33] . In cases of croup, subglottic edema causing hazy increased soft-tissue density obliterating the sharp undersurface of the true vocal cords may be seen on the lateral neck radiograph (Fig.  23 ) and correlates well with the so-called "steeple-sign" seen on the frontal projection [34] . While croup is usually the cause of this radiographic appearance, subglottic stenosis secondary to scarring or granulation tissue may have a similar appearance [35] . On inspiration, the hypopharynx will balloon open as the trachea below the obstruction paradoxically narrows. This effect will be reversed during the expiratory phase [32] . Fluoroscopy will best demonstrate the dynamics of upper airway obstruction under these circumstances but may be impractical as well as superfluous in the usual clinical situation.
Epiglottitis or supraglottitis is manifested radiographically by swelling and enlargement of the epiglottis and aryepiglottic folds. Instead of the normal thin, (B) Lateral view shows increased soft-tissue density obscuring undersurface of true vocal cords (arrow). Also note distended hypopharynx above site of obstruction on this inspiratory film. Findings compatible with croup or stenosis due to previous trauma (intubation, etc.). 69 gracile configuration of these structures, they will appear protuberant and thickened. The space between the base of the tongue and the epiglottis (i.e., the vallecula) will often be filled in by soft tissue edema, separating air in the pharynx from the body of the hyoid bone (Fig. 24) . It is extremely important to establish the diagnosis of epiglottitis with absolute certainty once the clinical suspicion is raised. Conversely, one should be as certain as possible that it has been ruled out. Lateral neck radiographs have been extremely helpful in this regard and are safe, accurate, and reliable when interpreted by experienced, knowledgeable observers. When there is doubt, it is far safer to look at the patient's epiglottis directly, preferably in the operating room, rather than send the patient home with a potentially fatal disease. When taking lateral neck radiographs on these patients, the patient should not be placed in the supine position, as that may cause the tongue to fall backward, causing gagging and airway compromise. It is important that patients with suspected epiglottitis not be kept waiting or be left unattended and that the film studies be examined and read immediately. Inasmuch as acute epiglottitis is a 100 percent curable disease when properly recognized and treated, and otherwise a potentially fatal illness, there should be no delay in the work-up or institution of appropriate therapy. Following intubation, there is no need for further radiographic evaluation of the upper airway, although films of the chest for tube positioning are helpful. In cases of severe upper airway obstruction, films of the chest prior to intubation may show poor aeration of the lungs, cardiomegaly, or pulmonary edema [36, 37, 38] .
Radiopaque foreign bodies in the pharynx, airway, or upper esophagus are usually not difficult to recognize; however, non-opaque materials including food, low-density metal (aluminum), plastic, or wooden objects may be difficult to diagnose and be a source of acute obstruction (Fig. 25) chronic mediastinal infection and present as a mediastinal mass [40] . Contrast studies, when indicated, are best done under fluoroscopy. Young children with an occult non-opaque esophageal foreign body may present with respiratory symptoms such as wheezing or respiratory distress rather than difficulty swallowing. In such patients a barium swallow may prove very worthwhile. If such foreign bodies cannot be removed endoscopically, thoracotomy may be necessary. Benign tonsilar and adenoidal hypertrophy due to recurrent infection or allergy may at times present as severe airway obstruction (Fig. 26) , necessitating emergency intervention. These large lobulated masses have a typical location and configuration on lateral neck radiographs, although absolute determination of size by this method is not particularly valuable. Occlusion of the nasopharynx and oropharynx as well as the presence of pulmonary edema and hypoventilation on chest X-ray may be helpful in deciding on surgery. The chest X-ray changes due to severe upper airway obstruction should not be confused for diffuse pneumonia or intrinsic cardiac disease. These changes will rapidly clear when the airway obstruction has been relieved [36] .
When enlargement of the posterior nasopharyngeal soft tissues is not accompanied by enlargement of the palatine tonsils in a patient without a history of previous tonsillectomy, one should consider the possibility of a primary nasopharyngeal neoplasm. Rhabdomyosarcomas may arise or extend into this region and may be associated with bone invasion and destruction. Juvenile angiofibromas may also occur in this location, particularly in early adolescent males, and may be a cause of severe epistaxis. While these tumors generally behave in a benign fashion, they may erode and remodel adjacent bony structures as well as cause life-threatening nosebleeds [32] .
Other acute airway problems which can be seen on lateral neck radiographs in- without fluoroscopic control. Instillation of air by means of enemas or repeated rectal examination may be misleading. Air in the urinary bladder from insertion of a Foley-type catheter can also be mistaken for rectal gas. On occasion, a prone view or prone cross-table lateral has been recommended for determination of the presence of gas in the rectum.
It should also be noted that sometimes in patients with feeding gastrostomy tubes who develop bowel obstruction, the tube may act as an air vent so that dilated, fluidfilled bowel loops proximal to the site of obstruction contain little if any gas, making the situation difficult to recognize radiographically on the plain film.
There are many causes of ileus as well as mechanical bowel obstruction in children, including primary abnormalities such as intussusception, Hirschsprung's [13, 30, 31] .
Perhaps the most important radiographic findings which should not be overlooked are those signs which are indicative of free intraperitoneal air from a perforation of the bowel. Free air may also result from extension of air from a pneumomediastinum [41, 42, 43] or from direct instillation at time of surgery, peritoneal dialysis, or needle aspiration. There is usually no problem recognizing even small amounts of free intraperitoneal air on erect or left lateral decubitus views; however, supine films may be misleadingly negative or show only subtle clues to the diagnosis. Air will collect at the highest portion of the abdomen (with respect to gravity) and so, with the patient lying flat on his back, free air will usually collect just under the anterior abdominal wall in the epigastrium (Fig. 28) Long bone film studies may be helpful in detecting metabolic abnormalities such as rickets, chronic heavy metal intoxication, or changes due to leukemia or severe stress [13] . The detection of healing fractures, particularly at the corners of the metaphyses in babies, may be further evidence of child abuse and thereby prompt social and/or criminal investigation [52, 53] . Special oblique views of the rib cage may be necessary to evaluate the bony thorax more completely and should be obtained when there is any suspicion on routine frontal views (Fig. 33) .
It should be realized that not all healing rib fractures are due to child abuse but can obviously be the result of previous surgery, cardiopulmonary resuscitation, or primary bone disorders such as the rare case of osteogenesis imperfecta. In the absence of such a history, new and/or old fractures of the ribs in infants must be ascribed to severe trauma due to child abuse until proven otherwise. There is an abundant literature on this tragically sad and growing problem of the "battered child." The late Dr. John Caffey made some of the original radiographic observations on this entity and his scientific and philosophic comments remain pertinent [13, 52, 54] . SPECIAL 
SUMMARY
In this article, the author has tried to highlight some of the radiographic techniques available in the pediatric intensive care unit as well as some of the more common abnormalities encountered in these patients. It is often a great challenge to figure out just what is going on when viewing the limited X-ray studies on these sick children. To do so without the benefit of all the pertinent clinical information is to do a disservice to the patient. For this reason, close communication between the radiologist and the clinical ICU staff is strongly encouraged. Such a "team approach" should facilitate better diagnosis and, it is hoped, better patient care.
